Lactate dehydrogenase A4 (LDH-A4) was purified for yak skeletal muscle. Michaelis constant (Km) analysis showed that yak LDH-A4 for pyruvate was significantly higher than that of cattle. cDNA cloning of LDH-A revealed two amino acid substitutions between yak and cattle. We suggest that the higher Km of yak LDH-A4 might be a result of molecular adaptation to a hypoxic environment.
The study of molecular adaptation has long been fraught with difficulties due to the numerous amino acid replacements accumulated over evolution, only a few of which are directly responsible for major adaptations. Though phylogenetic and phenotypic evidence is insufficient for an understanding of the molecular adaptation alone, 1) scientists must identify the replacements directly responsible for adaptive changes. Here we introduce a model to use in studying the molecular adaptation of the yak (Bos grunniens) to its living environment.
The yak inhabits the steppes of the Himalayan highlands and was domesticated about 3,000 years ago.
2) It has adapted to the high altitudes (2,000-5,000 m), hypoxia, and cold environment of QinghaiTibetan Plateau. It has high amino acid sequence similarities (> 98%) with domestic cattle (Bos taurus) in most proteins analyzed (our unpublished data), and their divergence time has been deduced to be about 1.2 to 2.2 million years ago.
3) Usually, there are only a few amino acid replacements when comparing the same protein of yak and cattle. Therefore, yak and cattle are model animals suited to the study of molecular adaptation to hypoxic ecological conditions by comparative methods.
Lactate dehydrogenase (EC 1.1.1.27, LDH) is an enzyme that catalyzes the conversion of lactate and pyruvate in glycolysis. LDH in animals occurs in five common isoenzyme forms, each being one of the possible random tetrameric combinations of different subunits, designated A (M) and B (H). Here we chose LDH to study molecular adaptation for several reasons. First, LDH plays an important role in the anaerobic metabolism of glucose, and thus hypoxic conditions have the most probability to act on it during evolution selection. Second, it is a slowly evolving protein for which there are extensive data as to amino acid sequence [4] [5] [6] [7] and three-dimensional structure. Third, structure-function analysis of the LDH of the bacterium Bacillus stearothermophilus has elucidated the roles of numerous amino acid residues in governing the enzyme's kinetic properties. [8] [9] [10] [11] [12] In this study, we purified and characterized LDH-A4 from skeletal muscle of yak and cattle, and found that yak LDH-A4 Km for pyruvate was much higher than that of cattle. Yak LDH-A cDNA was cloned and analyzed in order to elucidate the amino acid substitutions between yak and cattle.
LDH-A4 was purified from skeletal muscles of yak and Chinese yellow cattle by modification of the methods reported by Dissing et al. (1998) and Burgos et al. (1995) . 13, 14) Skeletal muscle tissues were homogenized in cold phosphate buffered saline (PBS), incubated for 4 h at 4 C, and centrifuged at 10,000 g for 20 min at 4 C. The supernatant was used as the crude extract, and ammonium sulfate was added to 80% saturation. The precipitate was obtained by centrifugation, as described above, suspended in 0.02 mol/l PBS, and applied to a HiTrapÔ Desalting column. The eluate was then loaded to a HiTrapÔ Blue HP affinity column pre-equilibrated with PBS. The column was washed free of unbound proteins with PBS. Bound proteins were then eluted with elution buffer containing NAD-sodium pyruvate adducts. Protein fractions were collected and ammonium sulfate was added to 80% saturation. Then the precipitated protein was collected by centrifugation at 10,000 g for 30 min at 4 C. The pellet was suspended in 0.01 mol/l Tris-HCl buffer (pH 8.0) and applied to a y To whom correspondence should be addressed. Tel: +86-28-85522309; Fax: +86-28-85522310; E-mail: yucaizheng01@gmail.com Abbreviation: LDH-A4, lactate dehydrogenase-A4 HiTrapÔ Desalting column, and the eluate was subjected to DEAE-Sephadex A-25 chromatography. The first fraction was collected and stored at À20 C. LDH activity was measured as described previously. 15) One unit of LDH activity was defined as the amount oxidizing 1 mmol of NADH/min at 25 C, protein concentration was determined by the Bradford method. 16) The purification steps are summarized in Table 1 . The purified LDH-A4 exhibited only one band on both SDS-PAGE and native PAGE gels (Fig. 1 ), which were used for enzyme kinetics assay. The Michaelis constants (Kms) were determined by the Lineweaver-Burk plot methods.
15) The Kms for LDH-A4 for NADH and pyruvate were determined (mean AE Se, n ¼ 5). The Kms for yak and cattle LDH-A4 for NADH were 0:097 AE 0:010 mmol/l and 0:062 AE 0:008 mmol/l, and the Km for pyruvate they were 1:897 AE 0:042 mmol/l and 0:817 AE 0:025 mmol/l respectively. We discovered that the Kms for yak LDH-A4 for pyruvate were significantly higher than those of cattle. Yaks live on high altitude plateaus where the oxygen content in the air is about half that at sea level, and they are well adapted to such conditions. The molecular mechanism of this adaptation is not yet known. The high Km for pyruvate of yak LDH-A4 indicates low affinity of the enzyme for pyruvate, and this might prevent yaks from producing too much lactate in skeletal muscle thus avoiding muscle fatigue.
We further compared LDH activity (U/mg tissue) in muscle tissues of yak (n ¼ 18), cattle (n ¼ 6), and buffalo (n ¼ 6), and found that the LDH activity of yak skeletal muscle is significantly lower than those of the corresponding tissues of buffalo and cattle (122:49 AE 13:95 vs. 392:95 AE 53:80 and 417:89 AE 61:61). The cattle and buffalo in this experiment live in low-altitude regions, so lower total LDH activity also appears benefit the yak in producing less lactate in the muscle under hypoxic conditions. But, more experimental data are needed to support this hypothesis, such as lactate concentrations in the blood of yak and cattle and the kinetic properties of other enzymes related to pyruvate metabolism.
In order to elucidate the molecular basis of the high Km of yak LDH-A4, we cloned yak LDH-A cDNA. Total RNA was extracted from leg skeletal muscle tissues of three adult yaks using Trizol reagent (Invitrogen, California, USA). First-strand cDNA was synthesized with a TaKaRa RNA PCR Kit (AMV) Ver. 3.0 using 1 mg of total RNA in the presence of oligo-dT primers according to the manufacturer's instructions (Takara, Dalian, China). The primers for cloning were designed based on an alignment of several reported LDHs (including LDH-A and LDH-B from Bos Taurus, GenBank accession nos. D90142, NM 174100). The sense primer (5 0 -GGAATTCATGGCAACTCTCAA-GGATCA-3 0 ) and antisense primer (5 0 -CCCAAGC-TTAAACTGCAGTTCTTTCTGGA-3 0 ) were used to amplify the entire open reading frame of yak LDH-A cDNA using the synthesized cDNA as the template. The PCR product was purified and cloned into pMD 18-T Vector (Takara, Dalian, China). Three positive clones were sequenced from each strand using BcaBESTTM Sequencing Primer RV-M and BcaBESTTM Sequencing Primer M13-47 (Takara, Dalian, China).
A fragment of about 1 kb was amplified by PCR from the yak cDNA pool, including the entire open reading frame, encoding a polypeptide of 332 amino acids (sequence deposited at NCBI under accession no. DQ991437). It showed high homology with previously reported sequences of LDH-A when analyzed by BLASTX (data not shown). There were only two amino acids differences (Ala 256 Val and Cys 314 Tyr) between the yak and the cattle LDH-A subunit (Fig. 2) , and hence these two amino acid substitutions were probably responsible for the higher Km of yak LDH-A4 for pyruvate. In order to analyze the effects of the two amino acid residues on the active site of LDH-A4 of the yak, we performed molecular modeling using human LDH-A4 as template (Protein Data Bank accession codes 1i10D and 1i10A). The results indicated that the two replacements lay outside the active site, that Val 256 was buried in the molecule and that Tyr 314 was solvent exposed. Although the two amino acid replacements lay outside the active site, they might affect function by causing subtle conformational changes, altering hydrogen bond networks, influencing protein electrostatics, and affecting conformational flexibility. As our PCR primers were designed to amplify the entire open reading frame of LDH-A gene, and so we deduced the amino acid sequences of the LDH-A subunits from yak (DQ991437) and bovine (D90142) according to the triplet codon table. Amino acid substitutions of LDH-As between yak and bovine are marked in dark color.
